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ABSTRACT 
  
Numerical simulation of wet granulation in a continuous granulator is carried out using Discrete Element Method (DEM) 
to discover the possibility of formation of seeded granules in a continuous process with the aim of reducing number of 
experimental trials and means of process control. Simple and scooped drum granulators are utilized to attain homogenous 
seeded granules in which the effects of drum rotational speed, particles surface energy, and particles size ratio are 
investigated. To reduce the simulation time a scale-up scheme is designed in which a dimensionless number (Cohesion 
number) is defined based on the work of cohesion and gravitational potential energy of the particles. Also a 
mathematical/numerical method along with a MATLAB code is developed by which the percentage of surface coverage 
of each granule is predicted precisely. The results show that use of continuous granulator is promising provided that a 
high level of shear is considered in the granulator design, e.g. it is observed that using baffles inside the drum granulators 
is essential for producing seeded granules.  It is observed, moreover, that the optimum surface energy for scooped 
granulator with rotational speed of 50 rpm is 3 J/m
2
 which is close to the number predicted by Cohesion number. It is 
also shown that increasing the seed/fine size ratio enhances the seeded granulation both quantitatively (60% increase in 
seeds surface coverage) and qualitatively (more homogeneous granules). 
 
Keywords: seeded granules, drum granulator, Discrete Element Method, surface energy, coordination number, cohesion 
number, scale up method 
 
I. INTRODUCTION 
Granulation process, simply defined as particle enlargement, is the process of collecting particles together by 
creating bonds between them in which the bonds can be formed by compression or using binding agent [1]. There are 
several obvious reasons indicating the significance of formation of these granules among which the improvement of 
materials properties and performance, e.g. increasing the flowability and reduction in dustiness, is of the highest 
importance. However, achieving a high degree of uniformity in product properties during granulation process is crucial 
and challenging. Extensive efforts have been made in the last decades to gain fundamental understanding of the wet 
granulation process in the batch granulators with focus on granule size distribution especially for pharmaceutical 
  
applications; yet, little attention has been paid to the continuous process specially the internal structure of granules [2]. It 
is thus necessary to look more into continuous process simply because it has a significant potential to overcome the 
drawbacks associated with batch process and offers numerous advantages [3-5]. DEM modelling as a robust numerical 
method can help the manufacturers to have a better understanding of the mechanisms behind the continuous granulation.  
 
A. Background  
 
There are numbers of techniques available in granulation to combine the seeds and fine particles into required 
granulated form among which the most common methods are wet, dry, and melt granulation techniques [6] and these 
methods could be utilized in batch or continuous processes. Batch process in granules production industries undeniably 
offers many advantages with respect to quality assurance due to the fact that a batch is either accepted or rejected by 
quality inspections. However, there are some disadvantages combined with this method, e.g. the challenge of process 
scale-up and high operation costs. Considerable efforts have been made in the past years to gain fundamental 
understanding of scale-up characteristics in batch granulators and the impacts on granules [7, 8]; however, many 
researchers have preferred to overcome the scale up issue by employing other alternatives of the batch production such as 
continuous and semi-continuous processes. As a result, number of studies regarding the replacement of batch with the 
continuous method is increasing day by day [9, 10].  
 
B. Seeded Granulation 
 
The term of “seeded granulation”, for the first time, was used by Rahmanian et al. [11, 12] through which they 
described a new method of granulation confirmed to assure producing consistent granule structure and properties. This 
seeding mechanism occurs when larger particles, usually known as seeds, become partially wetted, act as a nucleus at the 
granules core, and finally get covered by finer particles. As a result, particles accumulate around the seed, adhere to each 
other, and form the seeded granules (Figure 1). It is also observed by Rahmanian et al. [12] that two factors strongly 
affecting and contributing to the formation of seeded granules in high shear mixer are the optimum impeller tip speed and 
the primary size distribution of the feed particles. Based on these parameters, a regime map, displaying the preferable 
conditions for seeded granules formation, is established for the Cyclomix batch granulator (Figure 2.). Since the 
aforementioned investigations are related to batch processes, it is thus highly desirable to further analyse the mechanisms 
of formation of seeded granules within the continuous granulators to discover product-process relationship. This work in 
essence is in line with the previous work by Rahmanian and Ghadiri [13] for taking the advantage of DEM to optimise 
the formation of seeded granules in continuous granulators. A numerical investigation over the seeded granulation in 
batch granulators has already been accomplished by Hassanpour et al. [14], therefore the main focus of this study is on 
  
DEM simulation of granulation of Calcium Carbonate powder in continuous granulators to analyse the flow and mixing 
behaviour of particles due to different operating parameters.  
   
 
II. METHODOLOGY 
 
A. Discrete Element Method (DEM) 
 
In recent years numerical techniques based on discrete approaches, aimed to simulate the behaviour of particulate 
materials, have been rapidly developed worldwide mainly as the result of significant enhancement in computers’ 
processing capabilities. DEM is probably the most fast developing mathematical model in recent decades to model the 
granular materials and processes [15]. The superiority of DEM over other numerical methods in this study lies on its 
capability of applying precise contact models for modelling particles collisions and cohesivity in addition to the fact that 
individual particles are trackable. With the aid of DEM, the formation and depletion of granules are easily observed and 
the quality and durability of the seeded granules can be assessed [2, 16-19]. 
 
B. Contact Model  
 
DEM simulations of the continuous granulation process are conducted utilizing EDEM 2.7.0 software provided by 
DEM Solutions, Edinburgh, UK. The models used for particles contacts are Hertz-Mindlin [20-22] and JKR [20] by 
which both the effects of collisions and cohesion are taken into consideration. Hertz-Mindlin theory is basically used in 
case of collision between two particles; where Hertz theory [21] calculates contact forces for the normal impact and 
Mindlin model [22] determines the tangential component of the normal force. The details of these models are available 
elsewhere [23, 24]. Any surface interactions such as van der Waals or contact adhesive interactions are neglected in this 
theory; therefore to simulate the cohesion force between particles, Hertz-Mindlin with the JKR model is employed. 
According to Tabor [25], the applicability of the JKR model depends on the modulus of elasticity, size, and surface 
energy of the particles and the particles contact force will be affected by the particles surface roughness. However in the 
granulator, the particle-particle cohesion is due to the presence of the binder which wets the solid surface and covers the 
asperities, therefore the difficulties associated with the contacts of hard and rough surfaces, raised by Tabor [25], is not 
the case here. Bonding forces in wet granulation are due to the both surface tension and viscous forces. The surface 
tension forces are considered by implementing the particles surface energy in the JKR model and to account for viscous 
dissipation, a low restitution coefficient is selected [14].  
JKR model is basically an extent for the Hertz model in which adhesive force between the particles is also taken into 
account; however, the contact area in JKR is bigger than that of the Hertz so there is a circular compressive zone inside a 
  
bigger circle which tolerates tensile force after the particles are released from compression. In JKR model, the attractive 
forces between particles are limited just to the contact zone and are basically assumed to be short range. Figure 3 shows 
how the JKR model predicts the force-overlap response during an elastic-adhesive contact. Considering two spheres 
approaching each other, when they come close enough, their normal force drops to 8 9⁄ 𝐹𝐶 due to van der Waals force, 
where 𝐹𝐶 is the pull-off force [26]. Then because of the initial velocities of the two spheres towards each other a positive 
overlap happens and particles kinetic energy gradually converts to elastic potential energy until their velocities become 
zero. At the loading stage, spheres experience maximum compression at zero velocity after which the kinetic energy is 
fully recovered by conversion of the elastic potential energy into kinetic energy. Therefore, the spheres velocities 
increase until their overlap becomes zero; however at this stage, the particles do not detach owing to the adhesive force. 
The adhered particles then experience a tensile force and lose kinetic energy until fully depart with a negative overlap of 
𝛼𝐹 at 𝐹 =
5
9⁄ 𝐹𝐶 . The work needed to break the contact and detach the spheres is known as the work of cohesion and is 
shown by the shaded area in Figure 3. 
 
 
The pull-off force is the maximum tensile force that the spheres experience and is given by the following equations,  
𝐹𝐶 =
3
2
𝜋𝑅∗Γ                           (1) 
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+
1
𝑅2
)
−1
                            (2) 
where  𝑅1 and 𝑅2 are particles radii, 𝑅
∗ is the equivalent radius, and Γ is the surface energy of the particles. Also 
work of cohesion needed to detach the spheres is given by the equation (3). 
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where 𝐸∗  is the equivalent Young’s modulus of elasticity of the spheres, 𝐸1  and 𝐸2  are Young’s moduli of the 
spheres and 𝜈1 and 𝜈2 are Poisson’s ratios of their materials, respectively [26]. 
In DEM modelling due to high computation time, it is common to utilize larger particles with lower value of 
Young’s modulus; however, there should be a basis for this scale up so that the right value of surface energy is 
coordinated with the particles size and mechanical properties. To fulfil this, a dimensionless number is suggested which 
is based on the ratio of work of cohesion over the particles gravitational potential energy with regards to a characteristic 
height equal to the equivalent radius defined previously.   
  
The free body diagram of the particles and the normal forces existing on each one are depicted in Figure 4.   
 
Based on this, the dimensionless number is derived as follows:  
𝐶𝑜ℎ𝑒𝑠𝑖𝑜𝑛 𝑛𝑢𝑚𝑏𝑒𝑟 =
𝑊𝑜𝑟𝑘 𝑜𝑓 𝑐𝑜ℎ𝑒𝑠𝑖𝑜𝑛
𝐺𝑟𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦
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By substituting the mass by density times the volume and eliminating the constant fractions, the equation (5) will be:  
𝐶𝑜ℎ =
(
Γ5𝑅∗
4
𝐸∗
2 )
1
3⁄
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                                (6) 
Simplifying the equation (6), we will have the cohesion number as following: 
𝐶𝑜ℎ =
1
𝜌𝑔
(
Γ5
𝐸∗2𝑅∗8
)
1
3⁄
                               (7) 
This number is then utilized to select the appropriate values of the surface energy and the shear modulus in DEM 
analysis with respect to the level of scale up selected.  
 
C. Geometry and material properties of the particles 
 
Material properties of seeds and fines used in the simulation are set in such a way that the cohesion numbers of both 
experimental case run by Rahmanian et al. [12] and the DEM simulation are in the same order. To do so, the particles 
size and shear modulus are selected with the aim of having less computation and avoiding large overlaps during the 
contacts and then the value of the surface energy is determined on this basis. Calcium Carbonate powder is utilized as the 
material to be granulated and aqueous Polyethylene Glycol (PEG) 4000 acts as the binder. The aforementioned particles 
properties are provided in Table 1. As an example the average surface energy of the PEG is 0.043 J/m
2
 [27-29] mostly 
measured by the contact angle method. Using this value, the Cohesion number, shown in equation (7), is then calculated 
to be 0.316 and keeping this value constant, the equivalent surface energy to be used in DEM with larger particles and 
softer material is 2.1 J/m
2
. On this basis a range of differing values of surface energy is defined in the simulations which 
is between 0.5 and 5 J/m
2
. 
 
 
 
 The particles interactional properties are provided in Table 2. In this study, it is assumed that the binder has uniformly 
covered the particles, thus the model is applied for all the particles equally. 
  
 
D. Drum Granulator Model 
 
Geometry of the drum granulator is designed using AutoCAD 2007 software and exported to the EDEM 2.7.0. The 
geometrical parameters and dimensions of the granulator are listed in Table 3 and the granulator geometry is shown in 
Figure 5. As presented, there are two types of geometries utilized, one with baffles and the other without baffles, 
however, both are equal in dimensions. The idea of adding baffles to the simple drum comes from the fact that granules 
need to experience a high level of shear inside the drum which would be achieved by using baffles. In the first stage, 
simulations are executed using the simple drum and later, the scooped drum is also utilized to assess the effect of 
granulator design.  
 
III. RESULTS AND DISCUSSION 
 
This simulation is carried out by introducing mono-sized large and fine particles into the left end of the drum 
granulator with the aim of producing seeded granules. Particles are let to settle under the natural gravity force and this 
filling process happens simultaneously with rotation of the tilted drum. This process represents a continuous process 
through which the seeds and the fines are fed from the left inlet and led to the right by the driving force of gravity and 
tumblers rotation since the drum is tilted to the right. Particles are introduced into the system during the first 8 seconds 
and their number remains constant through the rest of the simulation to observe the effect of using a continuous 
granulation process as well as to see the effect of residence time on granulation quality. This simulation is carried out for 
three different drum rotational speeds (10, 50, and 100 rpm) each lasts for 20 seconds.   
 
 
A. Effect of geometry design 
In all types of the granulation and mixing, geometry and the shape of mixers have key role, hence it is of worth to do a 
study on the geometry of the granulator prior to further modelling. It is noteworthy that the granulator in this study was 
originally a simple drum in which seeds and fines were being introduced and meant to be mixed homogeneously. 
However, in order to investigate the effect of shear inside the granulator as well as particles residence time on the quality 
of granulation, adding baffles to the drum was suggested. 
Figure 6 shows the snapshots of simulation progress at two different times, with drum rotational speed at 50 rpm and 
particle surface energy of 1.5 J/m
2
. The figures clearly show that most of the fines settle down at the bottom of the drum, 
whilst seed particles in red colour are on top of small particles. This segregation which is known as Brazil nut effect 
  
occurs due to the considerable difference in size of the particles and low quality of mixing [30, 31]. It is perceived from 
the snapshots that the particles relative positions stay unchanged during the 20 seconds of simulations.  
  The total number of immediate contacts between seeds and fine particles through the simulation time is 
demonstrated in Figure 7.  This value can be used as a suitable indicator of the granulation and formation of seeded 
granules. It is observed that the number of contacts increases for all the cases between time 0 and 8 seconds which is 
expected on account of the increase in number of both fines and seeds during the introducing of the particles into the 
system; however after this period, the graphs show much less change and meet plateaus. One of the clear facts in the 
graphs is their smoothness before and after the 8
th
 second implying that the number of contacts does not have fluctuations 
and variations during the process. It shows that apart from some minor movements in the particles mixture, the relative 
position of the seeds and fines does not differ through the process due to their stickiness. It is also observed that the 
number of contacts for different rotational speeds is not in order. The highest contact number is obtained at 10 rpm and 
the lowest number at 50 rpm.  
The mixing patterns of particles at various feeding stages for differing rotational speeds of the drum is depicted in 
Figure 8. It is demonstrated that for the whole range of the granulator speed, there is an extent of segregation within the 
mixture as well as lack of enough relative movement and rolling of particles due to the granulator shape. For 10 rpm, all 
the seeds and fines introduced into the drum are piled near the entrance zone and hardly change position, thus the highest 
contact number is observed at this speed. However, this case cannot be considered as granulation and does not show 
enough evidence of seeded granules. For 50 rpm, on the other hand, the particles have small slips on the granulator wall 
helping them in moving forward and preventing them from being accumulated in one place. Clearly in this case the 
number of contacts is lower than that of the 10 rpm because the particles are spread through the granulator and seeds are 
not confined by the fines. If the speed is increased to 100 rpm, the particles rolling and relative movement increase, 
contributing in higher number of contacts.    
To find out the effect of granulator geometry on granulation, the simulation work was then extended using a different 
design of granulator in which some scoops are attached to the inner side of the drum to enhance the efficiency of the 
granulator. As shown in Figure 9, the drum with scoops increases the kinetic energy of the particles immensely causing 
more contacts and rapid collisions between seeds and fines which can also be observed from Figure 10. This type of 
motion leads to rapid growth and breakage of the agglomerates which can be deducted from the fluctuations in number of 
contacts of the particles. At the end of the simulation, scooped granulator does not present a quantitative superiority over 
the simple granulator in terms of total seed-fine contact numbers; nevertheless, the seeded granules can be observed only 
in scooped granulators. As depicted in Figure 10, in scooped granulator, some of the seeds are nicely surrounded by the 
  
fines forming the first and second layers of the contacts; whereas in simple granulator, the particles are just piled over 
each other.  It is concluded so far that using the baffles in the drum does not increase the total number of the seed-fine 
contacts; however, it is necessary for delivering seeded granules throughout the process of granulation. On the other 
hand, in the simple drum the fines and seeds have merely simple contacts due to piling of the particles over each other 
which is not a firm proof of granules formation.  
Percentage of seed coverage by the fines is a suitable criterion which can be utilized to compare the efficacy of the 
seeded granulations in continuous granulators in general and each case in specific. To find the coverage percentage, it is 
needed to find the number of fines attached to each seed as well as the coordination number of seeds with respect to the 
fine/seed size ratio. A MATLAB (R2014a) code is made by which the number of fines having immediate contact with 
each seed can be obtained. Coordination number is the maximum number of fines can be accommodated around a single 
seed. This value is determined using Euclidean geometry and mathematical methods in addition to taking the advantage 
of DEM modelling. 
In theory, a properly seeded granule should have the seed fully covered with at least one layer of fine particles. Finding 
out the exact number of fine particles for full coverage of the seed is not easy as it has been one of the famous 
mathematical problems called the kissing number problem (coverage number) [32-35]; nevertheless, it is possible to 
estimate the number of covering particles by doing mathematical calculations. Based on our own mathematical and 
geometrical analysis, the maximum number of covering particles for this case is 88±2 which is quite close to the 
prediction of Deiters [34] equal to 92. In our method, number of the particles (fines) covering the central particle (seed) is 
estimated based on the total surface area of a virtual sphere with a radius equal to the summation of the radii of central 
and covering particles over the area that a single particle occupies in a monolayer of packed covering particles. Having 
said that, this prediction is a theoretical one which hardly happens in reality, therefore to find the maximum number of 
particles for covering the seeds, a separate simulation is designed in which a single seed is placed and tumbled among the 
fines with high cohesivity between the seed and the fine particles. Figure 11 shows the image of one seed covered by fine 
particles in different percentages of coverage. It demonstrates how the number of contacts between the seed and fines is 
increased through the simulation time until the seed is fully covered and hence hidden within the fines. It is observed that 
for this particles size ratio, dseed/ dfine=4, a seed can be considered as a fully covered particle when having 65 fines in 
contact. Since the simulation shows that full coverage for the seed is fulfilled by 65 fine particles and it is more realistic 
data compared to the mathematical one, the percentage of seed coverage will be calculated based on this number. In the 
  
next sub-section, further analysis of the simulation works is done accordingly by manipulating several variables such as 
granulator design, drum rotational speed, size ratio of the particles, and their surface energy.   
B. Effect of Drum Rotational Speed 
 
The total number of seed-fine contacts for both scooped and simple drums is shown in Figure 12. For the simple 
granulator, the highest number of contacts by far is achieved in 10 rpm reaching 750 contact numbers, while the lowest 
number is attained for the 50 rpm with 500 contacts and the results for 100 rpm lies between them equal to 600 contacts 
for 40 seeds. On the other hand, scooped granulator gives rather the same number of contacts for all the rotational speeds, 
especially after the 14
th
 second of granulation process. It seems that for the simple granulators low rotational speeds lead 
to high number of contacts due to accumulation of the particles in one place while higher speeds contribute to spreading 
of particles and hence less number of contacts is achieved. As mentioned previously, although the total contact numbers 
for scooped granulator is less than that of the simple one, the scooped granulator shows better results in terms of 
formation of seeded granules and qualitative visualization of the granules.  
Rahmanian et al. [12] showed that in batch granulator, the number of seeded granules depends on the impeller tip 
speed as well as the seed-fine size ratio. Based on their results, higher impeller speeds deliver better seeded granules; 
whereas for the continuous scooped granulator, it seems that the contact number does not noticeably depend on the 
rotational speed of the drum. The continuous process seems to have different behaviour from the batch operation since 
the geometry and speed range differs from those of the batch granulator. Being able to calculate the surface coverage for 
each seed, the percentage of seed coverage by fines is calculated and its distribution at t=10 s is depicted in Figure 13. 
Horizontal axis shows the level of surface coverage and the vertical axis displays the per cent of covered seeds in each 
coverage level (uniformity in granulation based on number of contacts). The highest level of uniformity in granulation is 
achieved in simple granulator at 100 rpm where 56% of the seeds are covered between 20-30%. The lowest coverage 
happens at scooped granulator with 50 rpm where most of the seeds have less than 20% coverage. However, scooped 
drum having 100 rpm has by far the highest number of seeds covered more than 30%. Also the only case in which more 
than 40% coverage is observed is in the scooped drum with 50 rpm. The uniformity achieved in simple drums is because 
of non-chaotic nature of mixing in simple drums as described in the previous section; nevertheless, adding baffles leads 
to rise in number of highly-covered seeds and higher possibility of seeded granulation.   
 
C. Effect of Particle’s Surface Energy 
 
Based on JKR Theory, particles lose their kinetic energy after collision which appears in the form of speed reduction 
and is basically due to implementation of the surface energy. If this surface energy is high enough then the colliding 
  
particles lose their energy, achieve a zero relative velocity after collision and stick together to form the granules. The 
durability of this stickiness however depends on the size ratio of the particles, particles shape, and the shear stresses 
imposed on the particles. It is believed that a greater value of particle’s surface energy gives higher number of potential 
seeded granules owing to higher cohesion effect between particles; yet to be proved quantitatively. 
Granulation of seeds and fines is simulated in the scooped granulator with the rotational speed of 50 rpm for four 
different cases having differing surface energies. Figure 14 shows the contact number of these four cases with surface 
energies equal to 0.5, 1.5, 3.0, and 5.0 J/m
2
. For the 0.5 J/m
2
, the contacts number increases gradually from zero in the 
beginning to 300 at the 20
th
 second with the average of 200. This average number is nearly two times higher when 
surface energy is 1.5 J/m
2
 and 3.5 times higher for the 3.0 and 5.0 J/m
2
 surface energies. As expected, increasing the 
surface energy raises the number of contacts in granulator; however, augmenting the surface energy has a limited effect 
on the granulation since for the two last cases of 3.0 and 5.0 J/m
2
 the results are pretty much the same apart from some 
minor fluctuations. The snapshots of the seeded granules inside the drum are also displayed in Figure 15. It is evident that 
seeded granules do not form in the first case (0.5 J/m
2
); instead, the finer particles are segregated in the outer layer of the 
mixture while the seeds are closer to the centre of the drum. However, the second and third cases (1.5 and 3.0 J/m
2
) 
display some well-covered seeds which is a promising outcome. Having said that, increasing the surface energy from 3 to 
5 J/m
2
, not only has insignificant effect on the number of contacts but also leads to coagulation of the particles and 
deteriorates the granulation. 
  
 
D. Effect of Seed/ Fine Size Ratio 
 
Size ratio of the seeds and fines is an important parameter that should be taken into consideration. If the size 
difference increases, naturally, the seeds can accommodate more fines on their surfaces; however for a better comparison, 
it is needed to know the coordinate number of the new seed-fine arrangement and then divide the total contact numbers 
by the coordination number to have a dimensionless number which gives a suitable comparison for the coverage area of 
the seeds. For this purpose, the size ratio of seeds and fines is increased from 4 to 8 by reducing the fines diameter to 1 
mm and keeping the seeds diameter unchanged. To maintain the conditions of the simulation similar to the previous ones, 
the same volume of the fine particles is introduced into the granulator which means that the number of fines is increased 
8 times equals to 32000.  
The theoretical coordination number of the new size ratio (8:1) is approximately 291±2 which is 3.3 times greater 
than that of 4:1 size ratio. Hence, the total contact numbers are divided by the coordination numbers and are presented in 
the Figure 16 as the term contact ratio. It is observed that for the 4:1 size ratio, contact ratio increases through the time 
  
until all the particles are introduced into the granulator and from t=8 s until the end of simulation the contact ratio 
fluctuates between 5 and 6. On the other hand, contact ratio for the 8:1 size ratio case increases even after the 8
th
 second 
and rises up to 8.5 with a decelerating rate till the t=16 s which then meets a plateau. This graph proves that the 
probability of formation of seeded granules is higher when finer particles are used with the same seeds size; in other 
words, the higher the size ratio is, the better granules form. This statement is also evident in Figure 17 where utilizing the 
particles with size ratio of 8:1, has increased the number of granules categorized in 10-40 percent coverage zone at t=10 s 
indicating well-covered and homogenous granules. To add to the benefit of using higher size ratios, continuing the 
granulation for more 10 seconds has led to achieving a state in which 50% of the seeds have the 30-40 percent coverage. 
As a result, there is a significant promise in increasing the quality of the seeded granules by employing higher seed-fine 
size ratios.  
 
 
IV. CONCLUSION 
 
Process of seeded granulation in a continuous drum granulator is simulated using DEM. The effects of granulator 
geometry, particles size ratio, granulator rotational speed, and particles surface energy on granules quality are 
investigated. A dimensionless number termed as Cohesion number is suggested by which the simulated process can be 
scaled up. Also the total number of contacts and the surface coverage of individual seeds are calculated by mathematical 
and numerical methods. It is observed that continuous granulators with the baffles have reasonable potential of being 
used in seeded granulation process. It is also demonstrated that particles tend to segregate inside the simple drum and 
stick to each other after segregation, whereas the scooped granulator uniforms the granulation effectively.  
Using Cohesion number, it is possible to determine the value of surface energy to be utilized in DEM modelling with 
respect to the material properties in the experiment. For example, the optimum value of surface energy in the modelling 
is observed to be 3 J m2⁄  which is close to the estimation of the Cohesion number. It is also observed that the seed-fine 
size ratio plays a key role in formation of seeded granules, i.e. increasing the size ratio promotes the seeded granulation. 
Using the coordination number of the seed, the surface coverage of the seeds by fines is calculated indicating that 
between 10 to 50 percent of the seeds surfaces are covered by fines with direct contacts and the rest of the fines have 
indirect contact with the seeds.  In scooped granulator, particles surface energy and size ratio have high impact on contact 
number; however, granulator speed is not as influential.  
On the basis of doing this research, more research in this area is highly recommended. The effects of new types of 
continuous granulators, seed to fine size ratio and feeding ratio,  shape of the particles, residence time, particles size 
distribution, binder properties, and binder concentration are all important. 
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Table 1: Geometry and material properties of the particles. 
Properties  Experiment 
@ 25℃ 
DEM modelling Geometry 
Particle size (mm) 0.043 
Fine Seed 
--- 
1-2 8 
Density (kg.m
-3
) 2750 800 7800 
Poisson’s ratio 0.2-0.3 0.2 0.29 
Young’s modulus (GPa) 69.9 0.24 200 
Surface energy (J/m
2
) 0.043 0.50-5.00 0.50-5.00 
Cohesion number 0.316 0.029-1.351 --- 
 
Table 2: Interactional properties used in the simulation. 
Interaction Particle-Particle Particle –Geometry 
Coefficient of restitution 0.2 0.2 
Coefficient of static friction 0.6 0.7 
Coefficient of rolling friction 0.1 0.1 
Table 3: Geometrical properties of the granulator. 
Parameter Value 
 Volume of granulator (L) ~ 3.1 
 Length (mm) 400 
 Outer/ Inner Diameter (mm) 100/99 
Gradient angle (rad) 0.05 
Figure 1 
 
Figure 2 
 
Figure 3 
 
Figure 4 
 
 
Figure 5 
 
 
Figure 6 
 
0100
200
300
400
500
600
700
800
0 2 4 6 8 10 12 14 16 18 20
N
u
m
b
er
 o
f 
co
n
ta
ct
s 
Time (s) 
Simple- 10 rpm
Simple- 50 rpm
Simple- 100 rpm
Figure 7
Figure 8 
 
00.2
0.4
0.6
0.8
1
1.2
1.4
1.6
0
100
200
300
400
500
600
700
800
900
1000
0 2 4 6 8 10 12 14 16 18 20
T
o
ta
l 
k
in
et
ic
 e
n
er
g
y
 (
m
J
) 
N
u
m
b
er
 o
f 
co
n
ta
ct
s 
Time (s) 
Contact number-Simple granulator
Contact number-Scooped granulator
Kinetic energy-Simple granulator
Kinetic energy-Scooped granulator
introducing the particles 
Figure 9
Figure 10 
 
010
20
30
40
50
60
70
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6
C
o
n
ta
ct
 n
u
m
b
er
 
Time (s) 
Single seed- full coverage
Figure 11
0100
200
300
400
500
600
700
800
0 2 4 6 8 10 12 14 16 18 20
N
u
m
b
er
 o
f 
co
n
ta
ct
s 
Time (s) 
Scooped- 30 rpm Scooped- 50 rpm
Scooped- 100 rpm Simple- 10 rpm
Simple- 50 rpm Simple- 100 rpm
Figure 12
0%
10%
20%
30%
40%
50%
60%
70%
0-10% 10-20% 20-30% 30-40% 40-50% 50-60% 60-70%
S
ee
d
 n
u
m
b
er
 
Seed surface coverage 
Simple-100  rpm
Scooped-50 rpm
Scooped-100 rpm
Figure 13
0100
200
300
400
500
600
700
800
0 2 4 6 8 10 12 14 16 18 20
N
u
m
b
er
 o
f 
co
n
ta
ct
s 
Time (s) 
Surface energy=0.5 J/m2
Surface energy=1.5 J/m2
Surface energy=3 J/m2
Surface energy=5 J/m2
Figure 14
Figure 15 
 
01
2
3
4
5
6
7
8
9
10
0 2 4 6 8 10 12 14 16 18 20
C
o
n
ta
ct
 r
a
ti
o
 
Time (s) 
4:1 size ratio 8:1 size ratio
introducing the particles 
Figure 16
0%
10%
20%
30%
40%
50%
60%
N
u
m
b
er
 o
f 
se
ed
s 
Seeds surface coverage 
t=10 s- 4:1 size ratio
t=20 s- 8:1 size ratio
t=10 s- 8:1 size ratio
Figure 17
